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Anxiety and trauma-related disorders are psychiatric diseases with a lifetime prevalence
of up to 25%. Phobias and post-traumatic stress disorder (PTSD) are characterized
by abnormal and persistent memories of fear-related contexts and cues. The effects
of psychological treatments such as exposure therapy are often only temporary and
medications can be ineffective and have adverse side effects. Growing evidence from
human and animal studies indicates that cannabidiol, the main non-psychotomimetic
phytocannabinoid present in Cannabis sativa, alleviates anxiety in paradigms assessing
innate fear. More recently, the effects of cannabidiol on learned fear have been
investigated in preclinical studies with translational relevance for phobias and PTSD. Here
we review the findings from these studies, with an emphasis on cannabidiol regulation
of contextual fear. The evidence indicates that cannabidiol reduces learned fear in
different ways: (1) cannabidiol decreases fear expression acutely, (2) cannabidiol disrupts
memory reconsolidation, leading to sustained fear attenuation upon memory retrieval,
and (3) cannabidiol enhances extinction, the psychological process by which exposure
therapy inhibits learned fear. We also present novel data on cannabidiol regulation of
learned fear related to explicit cues, which indicates that auditory fear expression is also
reduced acutely by cannabidiol. We conclude by outlining future directions for research to
elucidate the neural circuit, psychological, cellular, and molecular mechanisms underlying
the regulation of fear memory processing by cannabidiol. This line of investigation may
lead to the development of cannabidiol as a novel therapeutic approach for treating
anxiety and trauma-related disorders such as phobias and PTSD in the future.
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INTRODUCTION
Anxiety and trauma-related disorders will affect up to one in four people in their lifetime.
Diseases like phobias and post-traumatic stress disorder (PTSD) show abnormal persistence of fear
memories and can be debilitating, causing a huge societal and economic burden. Psychological
treatments like exposure therapy are used to treat these disorders but they often show only limited
or temporary effectiveness. Medications are also available but these are not fully effective in a
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significant proportion of patients, can have adverse side effects,
and may even interfere with the efficacy of psychological therapy.
There is therefore an urgent need for better treatments for these
disorders (Fineberg et al., 2013; Baldwin et al., 2014).
A promising area of research in this field focuses on
repurposing existing and developing novel drugs to enhance the
effectiveness of psychological therapies in alleviating fear-related
symptoms (Myers and Davis, 2007; Steckler and Risbrough,
2012). One drug showing broad therapeutic potential in various
psychiatric diseases is cannabidiol (CBD), the main non-
psychotropic constituent of the Cannabis sativa plant (Izzo et al.,
2009; see chemical structure of CBD in Figure 1A). Studies in
humans demonstrate the promise of CBD for treating anxiety
(Blessing et al., 2015) and preclinical studies in rodents are
elucidating the pharmacological mechanisms underlying its acute
anxiolytic effects. These mechanisms include potentiation of
serotonin (5-HT) transmission via 5-HT1A receptor (5-HT1AR)
activation and elevation of endocannabinoid levels via inhibition
of their metabolism and re-uptake, which indirectly facilitates
cannabinoid receptor type1 (CB1R) activation (for a review see
Campos et al., 2016).
As well as reducing anxiety in behavioral tests of
unconditioned fear, emerging evidence indicates that CBD
regulates fear learning and memory in paradigms that are
translationally relevant to diseases such as phobias and PTSD,
along with their psychological treatment. In this paper we
review the recent studies on CBD regulation of fear memory
processing, which have focused on contextual fear. We also
present novel data on CBD regulation of auditory fear memory
and its extinction, which forms the theoretical basis for exposure
therapy. We then outline future directions for research on
this topic to gain a broader perspective on the neural circuit,
psychological, pharmacological, and cellular bases of the
regulation of learned fear by CBD.
CBD REGULATION OF CONTEXTUAL
FEAR MEMORY PROCESSING
Recent evidence indicates that CBD modulates fundamental
neurobiological processes involved in Pavlovian fear
conditioning, a form of associative learning by which certain
stimuli or environments become predictive of threat and
therefore enhance survival. During acquisition a neutral
conditioned stimulus (CS) is associated with an aversive
unconditioned stimulus (US), such as a mild footshock. The
CS can be either discrete (i.e., cued), such as a light or tone, or
the environment (i.e., context) where the US was presented. CS
re-exposure after conditioning initially induces a fear response,
which has frequently been inferred from behavioral (e.g.,
Abbreviations: AC, adenylyl cyclase; 5-HT, serotonin; 5-HT1AR, 5-HT1A
receptor; 19-THC, 19-tetrahydrocannabinol; BDNF, brain derived neurotrophic
factor; BNST, bed nucleus of the stria terminalis; CB1R, cannabinoid receptor
type 1; CBD, cannabidiol; ERK, extracellular signal-regulated kinase; i.c.v.,
intracerebroventricular; IL, infralimbic; i.p., intraperitoneal; NFkB, nuclear factor
kappa-light-chain-enhancer of activated B cells; PKC, protein kinase C; PL,
prelimbic; PTSD, post-traumatic stress disorder; SHR, spontaneously hypertensive
rat; TrkB, tyrosine receptor kinase B.
freezing) and/or autonomic (increased heart rate/blood pressure,
decreased body temperature) changes (Fendt and Fanselow,
1999; Resstel et al., 2009). After its acquisition the CS-US
association is consolidated into long-term fear memory. Later
retrieval can render fear memory labile through destabilization
of the memory trace, allowing for maintenance or updating of
the memory through its reconsolidation (Lee, 2009). Extinction
of fear memory occurs with longer durations or repeated
sessions of retrieval. This form of inhibitory learning results in
the encoding of a new CS-no US association which suppresses
fear expression by competing with the original fear memory
(Myers and Davis, 2007). Figure 1B depicts the different phases
of fear memory and its possible reconsolidation or extinction
after retrieval.
Accumulating evidence indicates that CBD regulates different
contextual fear memory processes. An initial study by Resstel
et al. (2006) showed that systemic CBD administration decreases
FIGURE 1 | (A) The chemical structure of CBD (National Center for
Biotechnology Information, 2016). (B) The different phases of fear memory. In
the hours after its acquisition fear memory undergoes consolidation. After a
short duration of retrieval, fear memory can become destabilized, after which it
undergoes reconsolidation to maintain or update the memory. With longer
retrieval and/or repeated exposures extinction can occur, resulting in the
acquisition and consolidation of a new extinction memory which competes
with the original memory to inhibit fear expression. (C) A summary of the
effects of acute CBD administration on different contextual fear memory
processes. CBD reduces learned fear expression, disrupts fear memory
reconsolidation, and facilitates fear extinction.
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the freezing response and autonomic changes induced by
exposure to an aversively conditioned context; this effect was
similar to the positive control diazepam. Subsequent studies
confirmed the CBD-induced reduction in conditioned freezing
expression with acute administration before retrieval (Lemos
et al., 2010) or acquisition (Levin et al., 2012). In contrast,
ElBatsh et al. (2012) showed that repeated daily injections (14
days) of CBD increased freezing expression during contextual
fear retrieval. Chronic treatment with CBD has, however,
been shown to facilitate adult hippocampal neurogenesis (Wolf
et al., 2010; Campos et al., 2013), which is involved in
aversive learning and memory processing as its facilitation
enhances contextual discrimination and related fear expression
(Efstathopoulos et al., 2015). Mice with reduced neurogenesis,
on the other hand, presented less contextual fear (Pan et al.,
2012; Denny et al., 2014). Both associative (through facilitation
of associative learning) and non-associative (by buffering
non-associative, anxiogenic effects of the aversive experience)
mechanisms seem to play a role in regulating fear learning
by adult hippocampal neurogenesis (Seo et al., 2015). Since
the animals were conditioned during chronic CBD treatment,
facilitated contextual fear learning due to enhanced hippocampal
neurogenesis could explain the results reported by ElBatsh et al.
(2012). This idea is supported by studies which showed that
chronic CBD treatment rescues deficits in other types of memory
in animal models of cognitive impairment (Fagherazzi et al.,
2012; Cheng et al., 2014).
In addition to reducing contextual fear acutely when given
before retrieval, CBD has also been shown to have enduring
effects on fear expression when given in conjunction with
memory reactivation (leading to reconsolidation) or extinction.
Systemic CBD administration immediately after briefly retrieving
a contextual fear memory disrupted its reconsolidation, resulting
in a lasting reduction in fear expression during later retrieval
(Stern et al., 2012, 2015; Gazarini et al., 2014). This effect
depended on the (indirect) activation of CB1Rs rather than
5-HT1ARs as prior antagonism of CB1Rs, but not 5-HT1ARs,
blocked the disruptive effect of CBD on reconsolidation (Stern
et al., 2012). In contrast to its effect on the reconsolidation
of contextual fear memory, CBD potentiated contextual fear
extinction but this also results in reduced fear expression at later
retrieval. Intracerebroventricular infusion of CBD before three
longer retrieval sessions facilitated the extinction of contextual
fear, an effect mediated indirectly via CB1R activation as it was
blocked by CB1R antagonist pretreatment (Bitencourt et al.,
2008). Systemic CBD administration before a single long retrieval
session also affects contextual fear extinction but this depends
on the strength of prior fear conditioning. Whereas, CBD
enhanced the extinction of contextual fear resulting from strong
conditioning, it impaired the contextual fear extinction induced
by weaker conditioning (Song et al., this issue). Table 1 and
Figure 1C summarize the reported effects of systemic CBD
administration on contextual fear memory processing.
Recent studies have begun to determine the neural substrates
mediating the effects of CBD on contextual fear memory
processing. Lemos et al. (2010) initially investigated the brain
sites in which CBD acts when attenuating the expression of
learned fear. They reported that systemic CBD pretreatment
prevented the increase in c-Fos expression induced by re-
exposure to the conditioned context in the prelimbic (PL)
and infralimbic (IL) subregions of the medial prefrontal cortex
(mPFC) and the bed nucleus of the stria terminalis (BNST),
brain areas which play key roles in fear regulation (Dejean
et al., 2015; Lebow and Chen, 2016). Subsequently, the effect
of direct CBD infusion into these brain regions on contextual
fear memory retrieval was investigated. There was reduced
conditioned freezing expression after its infusion into the PL
or BNST (Lemos et al., 2010; Gomes et al., 2012; Fogaça et al.,
2014). When infused into the IL, however, CBD produced
the opposite effect (Lemos et al., 2010; Marinho et al., 2015).
Convergent evidence suggests that the PL and IL present distinct
neuroanatomical connections and functional roles (Hurley et al.,
1991; Condé et al., 1995; Vertes, 2004), including the regulation of
learned fear expression (Vidal-Gonzalez et al., 2006; Fenton et al.,
2014). Contrasting effects of CBD after PL or IL infusion have
also been reported in unlearned tests of anxiety (e.g., elevated plus
maze), in which it induced anxiogenic- or anxiolytic-like effects,
respectively (Fogaça et al., 2014; Marinho et al., 2015). Restraint
stress pre-exposure reversed these effects, indicating that the
stress experience could modulate the response of these mPFC
subregions to aversive stimuli (Fogaça et al., 2014; Marinho
et al., 2015). CBD regulation of contextual fear expression in
these regions depends on 5-HT1AR activation as it is prevented
by local 5-HT1AR antagonist pretreatment (Gomes et al., 2012;
Fogaça et al., 2014; Marinho et al., 2015). CBD disruption of
fear memory reconsolidation depended on CB1R but not 5-
HT1AR activation in the PL (Stern et al., 2014). CBD infused
into the IL cortex facilitated contextual fear extinction in a CB1R-
dependent manner (Do Monte et al., 2013). Table 2 summarizes
the reported effects of central CBD infusion on contextual fear
memory processing.
CBD REGULATION OF FEAR MEMORY
PROCESSING INVOLVING DISCRETE
CUES
In contrast to contextual fear memory processing, few studies
have examined the effects of CBD on learned fear related to
discrete cues. One study in humans showed that CBD enhanced
the extinction of visual fear memory when given immediately
after, but not before, extinction (Das et al., 2013). More recently
it was found in rats that CBD infused into the nucleus accumbens
shell impaired the encoding of olfactory fear memory, an
effect blocked by 5-HT1AR antagonism (Norris et al., 2016).
To investigate this issue further we determined the effect of
systemic CBD administration on the expression and extinction of
auditory fear memory. Male Lister hooded rats were habituated
to two distinct contexts (A and B), subjected to auditory fear
conditioning (tone habituation and tone-shock pairings) in
context A, treated with CBD (0, 5, 10, or 20 mg/kg, i.p.; n = 10–
11/group) 30 min before undergoing extinction training (tone
presentations) in context B, and underwent extinction recall
testing (tone presentations) in context B (Figure 2A).
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TABLE 1 | Summary of systemic CBD effects on contextual fear memory processing in male rats (19-THC, 19-tetrahydrocannabinol; BDNF, brain derived
neurotrophic factor; CB1R, cannabinoid type1 receptor; ERK1/2, extracellular signal-regulated kinase1/2; i.p., intraperitoneal; PL, prelimbic; SHR,
spontaneously hypertensive rat; TrkB, tyrosine receptor kinase B).
Strain Dosing details Effect Possible mechanism(s) References
Wistar 10 mg/kg, i.p., pre-retrieval Anxiolytic (↓ fear expression) Not tested Resstel et al., 2006
Lister
hooded
10 mg/kg daily for 14 days, i.p.,
pre-acquisition and -retrieval
Anxiogenic (↑ fear expression) and/or
potentiated fear conditioning
↓ hippocampal BDNF and TrkB
expression, ↓ frontal cortex
phospho-ERK1/2 levels
ElBatsh et al., 2012
Wistar and
SHR
1.0–15mg/kg, i.p., pre-acquisition Anxiolytic (↓ fear expression) and/or
disrupted fear memory formation (in Wistar
rats only)
Not tested Levin et al., 2012
Wistar 3.0–30mg/kg, i.p., post-retrieval Disrupted memory reconsolidation
(bell-shaped dose-response curve)
Indirect CB1R activation Stern et al., 2012
Wistar 10mg/kg, i.p., post-retrieval Disrupted memory reconsolidation Not tested Gazarini et al., 2014
Wistar 10mg/kg, i.p., post-retrieval Disrupted memory reconsolidation Indirect CB1R activation in PL Stern et al., 2014
Wistar 1.0mg/kg + 19-THC 0.1mg/kg, i.p.,
post-retrieval
Disrupted memory reconsolidation Not tested Stern et al., 2015
Lister
hooded
10 mg/kg, i.p., pre-extinction (after weak
or strong fear conditioning)
Impaired extinction with weak fear
conditioning and enhanced extinction with
strong fear conditioning
Not tested Song et al., this issue
We found no differences in freezing during fear conditioning
between the groups to receive different doses of CBD before
extinction training (Figure 2B). Despite the relatively low levels
of freezing during tone-shock pairings, conditioning resulted
in robust fear memory encoding as indicated by the high
freezing levels in response to tones during early extinction in
vehicle-treated rats (Figure 2C). During extinction the high dose
of CBD significantly decreased tone-induced freezing early in
the session, compared to vehicle and the low dose. However,
there were no differences in freezing during tone presentations
later in the session or during extinction recall testing the
next day (Figure 2D). This suggests that the high CBD dose
decreased auditory fear memory expression without affecting its
extinction. Although extinction occurred in a separate context
to fear conditioning, vehicle-treated rats did show freezing
in the period before tone presentations, indicating contextual
fear expression at the start of the session (Figure 2E). We
found that all three doses of CBD significantly decreased this
contextual fear in comparison to vehicle. However, there were no
differences in contextual fear expression before extinction recall
testing (Figure 2F), suggesting that CBD acted acutely to reduce
contextual fear during extinction.
Taken together, our results broadly confirm previous findings
demonstrating that acute CBD treatment reduces contextual
fear memory expression and extend them by showing that
CBD also has a similar effect on the expression of auditory
fear memory. Given that previous studies have shown a bell-
shaped dose-response curve in relation to CBD regulation of
anxiety and fear memory processing (Guimarães et al., 1990;
Lemos et al., 2010; Stern et al., 2012), it is worth noting
that we found that (1) the effect of CBD on contextual fear
expression showed no dose-dependency, and (2) the dose of
CBD needed to reduce auditory fear expression was much
higher than for contextual fear. Moreover, CBD had no effect
on auditory fear extinction. Although, this result agrees with
the study of Das et al. (2013), which showed that CBD had
no effect when given before cued fear extinction, it contrasts
with the reported facilitatory effects of CBD on contextual fear
extinction. The reasons for these discrepancies remain unclear
but they could involve differences in the neural circuit and/or
pharmacological mechanisms underlying CBD regulation of
contextual vs. auditory fear memory expression (see below).
FUTURE DIRECTIONS
Neural Circuit and Psychological
Mechanisms
As well as the mPFC, the neural circuitry underpinning
fear memory processing comprises other inter-connected areas
such as the hippocampus, amygdala, and periaqueductal gray
(PAG) (Dejean et al., 2015). Infusing CBD into the PAG
decreases anxiety in paradigms assessing innate fear (Campos
and Guimarães, 2008). However, this area is also important for
mediating freezing and other defensive behaviors in response
to learned threats, suggesting that CBD regulation of fear
memory expression may involve the PAG. In humans CBD
reduces anxiety and autonomic arousal during the viewing of
fearful facial expressions, which is accompanied by decreased
activity in and functional connectivity between the amygdala and
mPFC (Fusar-Poli et al., 2009, 2010). In mice CBD decreases
amygdala activation as measured by c-Fos expression (Todd
and Arnold, 2016). This raises the possibility that the amygdala
plays a role in mediating CBD regulation of fear memory.
CBD also reduces mPFC-hippocampus functional connectivity
during cognitive processing (Bhattacharyya et al., 2015). This
suggests that the hippocampus, which is crucial for contextual
processing in particular, may also be involved in CBD regulation
of certain aspects of learned fear. After extinction, fear expression
is low when tested in the extinction context but fear renewal
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TABLE 2 | Summary of central CBD effects on contextual fear memory processing in male rats (5-HT1AR, serotonin1A receptor; BNST, bed nucleus of the
stria terminalis; CB1R, cannabinoid type1 receptor; i.c.v., intracerebroventricular; IL, infralimbic; i.p., intraperitoneal; PL, prelimbic).
Strain Dosing and site details Effect Possible mechanism References
Wistar 6.4 nmol, i.c.v., pre-retrieval Facilitated fear extinction Indirect CB1R activation Bitencourt et al., 2008
Wistar 30 nmol, PL, pre-retrieval Anxiolytic (↓ fear expression) Not tested Lemos et al., 2010
Wistar 30 nmol, IL, pre-retrieval Anxiogenic (↑ fear expression) Not tested Lemos et al., 2010
Wistar 30–60 nmol, BNST, pre-retrieval Anxiolytic (↓ fear expression) 5-HT1AR activation Gomes et al., 2012
Long evans 1.3 nmol, IL, pre-extinction Facilitated fear extinction Indirect CB1R activation Do Monte et al., 2013
Wistar 30 nmol, PL, pre-retrieval Anxiolytic (↓ fear expression) 5-HT1AR activation Fogaça et al., 2014
Wistar 30 nmol, IL, pre-retrieval Anxiogenic (↑ fear expression) 5-HT1AR activation Marinho et al., 2015
FIGURE 2 | Cannabidiol reduces the expression of auditory and contextual fear memory in rats. (A) Schematic representation of the experimental
procedures used; the arrow indicates that drug was injected 30min before extinction. (B) Freezing during tone-shock pairings did not differ between the groups
during auditory fear conditioning. (C) Rats treated with 20 mg/kg of cannabidiol showed significantly decreased freezing during tone presentations at the start of
extinction, compared to rats given 5 mg/kg or vehicle (*P < 0.05). (D) There were no differences in tone-induced freezing between the groups during extinction recall.
(E) Rats treated with 5, 10, or 20mg/kg of cannabidiol showed significantly decreased freezing in the 2 min period before tone presentations during extinction,
compared to vehicle-treated controls (**P < 0.01). (F) There were no differences in freezing between the groups in the 2 min period before tone presentations during
extinction recall (see Supplementary Material for more details).
occurs outside of this context. This contextual regulation of
fear extinction involves the hippocampus and its connections
with the mPFC and amygdala (Maren et al., 2013). Although,
we found no effects of CBD on auditory fear extinction, CBD
might reduce fear renewal and/or the spontaneous recovery of
fear that occurs over time after extinction through its actions on
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the hippocampus-mPFC-amygdala circuit. CBD modulation of
this circuitry may also regulate learned fear in other paradigms
with translational relevance. Phobias and PTSD are characterized
by overgeneralization of fear to harmless discrete or contextual
stimuli (Dunsmoor and Paz, 2015). A recent study showed
that enhancing memory destabilization in combination with
reconsolidation disruption by CBD reduced contextual fear
generalization (Gazarini et al., 2014).
Cellular and Molecular Mechanisms
As mentioned above, CBD regulates contextual fear memory
processing in a 5HT1AR- and CB1R-dependent manner. It is
unclear whether the action of CBD via 5-HT1ARs to reduce fear
memory expression is mediated by intracellular mechanisms.
While 5-HT1ARs certainly modulate intracellular kinases, the
direction of modulation appears not to be consistent with fear
inhibition. The 5-HT1AR activates protein kinase C (PKC) and
extracellular signal-regulated kinase (ERK) (Raymond et al.,
2001), but it is inhibition of PKC (Vianna et al., 2000) and
ERK (Szapiro et al., 2000; Chen et al., 2005) that impairs fear
memory expression. It should be noted, however, that these
observations were made with intra-hippocampal drug infusions,
whereas the acute effect of CBD has been shown to be mediated
by the PL and BNST. Nevertheless, the putative action of CBD
at 5-HT1ARs might be mediated not via protein kinases, but
by inhibition of adenylyl cyclase (AC). Such inhibition of AC
and downstream dysregulation of second messenger systems
might be expected ultimately to affect ongoing protein synthesis.
Lopez et al. (2015) showed that inhibition of ongoing protein
synthesis in the amygdala impaired fear memory expression, and
so a similar perturbation of normal de novo protein synthesis
by CBD via 5-HT1ARs might be expected to impact upon
retrieval. Speculatively, a pharmacologically-induced increase in
protein synthesis might also sufficiently dysregulate the cellular
mechanisms of retrieval to reduce fear expression. Therefore, any
impact of CBD on protein synthesis could account for its acute
effect on contextual, and cued, fear memory expression.
The actions of CBD to enhance extinction and impair
reconsolidation both depend upon CB1Rs. Therefore, the
coupling of CB1R activation to intracellular cascades may
provide the cellular mechanism of long-term fear reduction.
At the cellular level, mechanisms of reconsolidation tend to
be conserved with those of extinction, such that inhibition
results in impairment of both with opposite behavioral outcomes.
A primary example of this is the effect of protein synthesis
inhibitors, such as anisomycin, which impair reconsolidation
to reduce fear expression as well as disrupting extinction
to enhance subsequent fear expression. Therefore, in general
terms, CB1R activation by CBD might be expected to result
in cellular activation that would enhance extinction, but also
potentiate reconsolidation. That this is seemingly not the case
suggests the recruitment of specific cellular mechanisms with
dissociable impacts on extinction and reconsolidation. One
primary candidate for such a role is the calcineurin-nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB) signaling
pathway. In the hippocampus, NFkB inhibition both impaired
fear memory reconsolidation and enhanced extinction (De La
Fuente et al., 2011). Moreover, inhibition of calcineurin, which
itself is a negative regulator of NFkB, impaired extinction and
enhanced reconsolidation (De La Fuente et al., 2011, 2014).
This pattern of results was partially replicated by calcineurin
inhibition in the amygdala impairing cued fear memory
extinction (Merlo et al., 2014). Therefore, if CB1R activation
by CBD inhibits NFkB function, either directly (Curran et al.,
2005) or via enhancement of calcineurin (Cannich et al., 2004),
this would explain the behavioral reductions in fear expression,
perhaps through downstream regulation of cytokine networks
(Scholz et al., 2016).
SUMMARY
A growing body of literature provides compelling evidence that
CBD has anxiolytic effects and recent studies have established
a role for CBD in regulating learned fear by dampening its
expression, disrupting its reconsolidation, and facilitating its
extinction. The opposing effects of CBD on fear memory
reconsolidation and extinction make it particularly attractive
as a potential adjunct to psychological therapy as both may
lead to lasting reductions in learned fear expression. Our
novel data also suggests that CBD reduces the expression of
fear memory related to both discrete and contextual cues.
Although we found no effect of CBD on auditory fear extinction,
decreasing fear expression during extinction without interfering
in its encoding is still a useful property that has clinical
implications. In this respect CBD might be an improvement
over other available drugs used for treating the fear-related
symptoms of phobias and PTSD, which can impair extinction
(e.g., benzodiazepines) or have a less favorable side effect profile
(e.g., antidepressants). As such, further research investigating
the mechanisms underpinning CBD regulation of learned fear is
warranted.
ETHICS STATEMENT
The study was conducted in accordance with ethical review
by the Animal Welfare Ethical Review Board at the University
of Nottingham and the Animals (Scientific Procedures) Act
1986, UK.
AUTHOR CONTRIBUTIONS
RJ: Conducted the experiment investigating the effects of CBD
on auditory fear memory expression and extinction; RJ, HD, and
CS: Analyzed the data from this experiment. FG, JL, LB, and CS:
Drafted the paper. All authors contributed to interpreting the
original data, revising the draft and approving the final version
of the paper.
ACKNOWLEDGMENTS
This research was funded by a Biotechnology and Biological
Sciences Research Council Doctoral Training Partnership with
the University of Nottingham (BB/J014508/1) to RJ and HD,
a FAPESP-University of Birmingham-University of Nottingham
pump-priming award (2012/50896-8) to FG, JL, and CS, and a
Frontiers in Pharmacology | www.frontiersin.org 6 November 2016 | Volume 7 | Article 454
Jurkus et al. Cannabidiol Regulation of Fear Memory Processing
Brazilian CNPq research fellowship (307895/2013-0) to LB. The
funders had no other involvement in any aspect of this work.
The data presented in Figure 2 was first presented as an abstract
at the 26th Annual International Cannabinoid Research Society
Symposium on the Cannabinoids in June 2016.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fphar.
2016.00454/full#supplementary-material
REFERENCES
Baldwin, D. S., Anderson, I. M., Nutt, D. J., Allgulander, C., Bandelow, B.,
den Boer, J. A., et al. (2014). Evidence-based pharmacological treatment of
anxiety disorders, post-traumatic stress disorder and obsessive-compulsive
disorder: a revision of the 2005 guidelines from the British Association
for Psychopharmacology. J. Psychopharmacol. 28, 403–439. doi: 10.1177/
0269881114525674
Bhattacharyya, S., Falkenberg, I., Martin-Santos, R., Atakan, Z., Crippa,
J. A., Giampietro, V., et al. (2015). Cannabinoid modulation of
functional connectivity within regions processing attentional salience.
Neuropsychopharmacology 40, 1343–1352. doi: 10.1038/npp.2014.258
Bitencourt, R. M., Pamplona, F. A., and Takahashi, R. N. (2008). Facilitation
of contextual fear memory extinction and anti-anxiogenic effects of AM404
and cannabidiol in conditioned rats. Eur. Neuropsychopharmacol. 18, 849–859.
doi: 10.1016/j.euroneuro.2008.07.001
Blessing, E. M., Steenkamp, M. M., Manzanares, J., and Marmar, C. R. (2015).
Cannabidiol as a potential treatment for anxiety disorders. Neurotherapeutics
12, 825–836. doi: 10.1007/s13311-015-0387-1
Campos, A. C., Fogaça, M. V., Sonego, A. B., and Guimarães, F. S. (2016).
Cannabidiol, neuroprotection and neuropsychiatric disorders. Pharmacol. Res.
112, 119–127. doi: 10.1016/j.phrs.2016.01.033
Campos, A. C., and Guimarães, F. S. (2008). Involvement of 5HT1A receptors
in the anxiolytic-like effects of cannabidiol injected into the dorsolateral
periaqueductal gray of rats. Psychopharmacology (Berl). 199, 223–230.
doi: 10.1007/s00213-008-1168-x
Campos, A. C., Ortega, Z., Palazuelos, J., Fogaça, M. V., Aguiar, D. C., Díaz-
Alonso, J., et al. (2013). The anxiolytic effect of cannabidiol on chronically
stressed mice depends on hippocampal neurogenesis: involvement of the
endocannabinoid system. Int. J. Neuropsychopharmacol. 16, 1407–1419.
doi: 10.1017/S1461145712001502
Cannich, A., Wotjak, C. T., Kamprath, K., Hermann, H., Lutz, B., and Marsicano,
G. (2004). CB1 cannabinoid receptors modulate kinase and phosphatase
activity during extinction of conditioned fear inmice. Learn.Mem. 11, 625–632.
doi: 10.1101/lm.77904
Chen, X., Garelick, M. G., Wang, H., Lil, V., Athos, J., and Storm, D. R. (2005). PI3
kinase signaling is required for retrieval and extinction of contextual memory.
Nat. Neurosci. 8, 925–931. doi: 10.1038/nn1482
Cheng, D., Low, J. K., Logge, W., Garner, B., and Karl, T. (2014). Chronic
cannabidiol treatment improves social and object recognition in double
transgenic APPswe/PS11E9 mice. Psychopharmacology (Berl). 231, 3009–3017.
doi: 10.1007/s00213-014-3478-5
Condé, F., Maire-Lepoivre, E., Audinat, E., and Crépel, F. (1995). Afferent
connections of the medial frontal cortex of the rat. II. Cortical and subcortical
afferents. J. Comp. Neurol. 352, 567–593. doi: 10.1002/cne.903520407
Curran, N. M., Griffin, B. D., O’Toole, D., Brady, K. J., Fitzgerald, S. N., and
Moynagh, P. N. (2005). The synthetic cannabinoid R(+)WIN 55,212-2 inhibits
the interleukin-1 signaling pathway in human astrocytes in a cannabinoid
receptor-independent manner. J. Biol. Chem. 280, 35797–35806. doi: 10.1074/
jbc.M507959200
Das, R. K., Kamboj, S. K., Ramadas, M., Yogan, K., Gupta, V., Redman, E.,
et al. (2013). Cannabidiol enhances consolidation of explicit fear extinction in
humans. Psychopharmacology (Berl). 226, 781–792. doi: 10.1007/s00213-012-
2955-y
Dejean, C., Courtin, J., Rozeske, R. R., Bonnet, M. C., Dousset, V., Michelet, T.,
et al. (2015). Neuronal circuits for fear expression and recovery: recent advances
and potential therapeutic strategies. Biol. Psychiatry 78, 298–306. doi: 10.1016/
j.biopsych.2015.03.017
de la Fuente, V., Federman, N., Fustiñana, M. S., Zalcman, G., and Romano, A.
(2014). Calcineurin phosphatase as a negative regulator of fear memory in
hippocampus: control on nuclear factor-kappaB signaling in consolidation and
reconsolidation. Hippocampus 24, 1549–1561. doi: 10.1002/hipo.22334
De La Fuente, V., Freudenthal, R., and Romano, A. (2011). Reconsolidation or
extinction: transcription factor switch in the determination of memory course
after retrieval. J. Neurosci. 31, 5562–5573. doi: 10.1523/JNEUROSCI.6066-10.
2011
Denny, C. A., Kheirbek, M. A., Alba, E. L., Tanaka, K. F., Brachman, R. A.,
Laughman, K. B., et al. (2014). Hippocampal memory traces are differentially
modulated by experience, time, and adult neurogenesis. Neuron 83, 189–201.
doi: 10.1016/j.neuron.2014.05.018
DoMonte, F. H., Souza, R. R., Bitencourt, R. M., Kroon, J. A., and Takahashi, R. N.
(2013). Infusion of cannabidiol into infralimbic cortex facilitates fear extinction
via CB1 receptors. Behav. Brain Res. 250, 23–27. doi: 10.1016/j.bbr.2013.04.045
Dunsmoor, J. E., and Paz, R. (2015). Fear generalization and anxiety: behavioral
and neural mechanisms. Biol. Psychiatry 78, 336–343. doi: 10.1016/j.biopsych.
2015.04.010
Efstathopoulos, P., Kourgiantaki, A., Karali, K., Sidiropoulou, K., Margioris, A. N.,
Gravanis, A., et al. (2015). Fingolimod induces neurogenesis in adult mouse
hippocampus and improves contextual fear memory. Transl. Psychiatry 5, e685.
doi: 10.1038/tp.2015.179
ElBatsh, M. M., Assareh, N., Marsden, C. A., and Kendall, D. A. (2012).
Anxiogenic-like effects of chronic cannabidiol administration in rats.
Psychopharmacology (Berl). 221, 239–247. doi: 10.1007/s00213-011-2566-z
Fagherazzi, E. V., Garcia, V. A., Maurmann, N., Bervanger, T., Halmenschlager,
L. H., Busato, S. B., et al. (2012). Memory-rescuing effects of cannabidiol in an
animal model of cognitive impairment relevant to neurodegenerative disorders.
Psychopharmacology (Berl). 219, 1133–1140. doi: 10.1007/s00213-011-2449-3
Fendt, M., and Fanselow, M. S. (1999). The neuroanatomical and neurochemical
basis of conditioned fear. Neurosci. Biobehav. Rev. 23, 743–760. doi: 10.1016/
S0149-7634(99)00016-0
Fenton, G. E., Pollard, A. K., Halliday, D. M., Mason, R., Bredy, T. W., and
Stevenson, C. W. (2014). Persistent prelimbic cortex activity contributes
to enhanced learned fear expression in females. Learn. Mem. 21, 55–60.
doi: 10.1101/lm.033514.113
Fineberg, N. A., Haddad, P. M., Carpenter, L., Gannon, B., Sharpe, R., Young, A.
H., et al. (2013). The size, burden and cost of disorders of the brain in the UK.
J. Psychopharmacol. 27, 761–770. doi: 10.1177/0269881113495118
Fogaça, M. V., Reis, F. M., Campos, A. C., and Guimarães, F. S. (2014). Effects
of intra-prelimbic prefrontal cortex injection of cannabidiol on anxiety-like
behavior: involvement of 5HT1A receptors and previous stressful experience.
Eur. Neuropsychopharmacol. 24, 410–419. doi: 10.1016/j.euroneuro.2013.
10.012
Fusar-Poli, P., Allen, P., Bhattacharyya, S., Crippa, J. A., Mechelli, A.,
Borgwardt, S., et al. (2010). Modulation of effective connectivity during
emotional processing by Delta 9-tetrahydrocannabinol and cannabidiol. Int. J.
Neuropsychopharmacol. 13, 421–432. doi: 10.1017/S1461145709990617
Fusar-Poli, P., Crippa, J. A., Bhattacharyya, S., Borgwardt, S. J., Allen, P., Martin-
Santos, R., et al. (2009). Distinct effects of {delta}9-tetrahydrocannabinol and
cannabidiol on neural activation during emotional processing. Arch. Gen.
Psychiatry 66, 95–105. doi: 10.1001/archgenpsychiatry.2008.519
Gazarini, L., Stern, C. A. J., Piornedo, R. R., Takahashi, R. N., and Bertoglio,
L. J. (2014). PTSD-like memory generated through enhanced noradrenergic
activity is mitigated by a dual step pharmacological intervention targeting its
reconsolidation. Int. J. Neuropsychopharmacol. 18:pyu026. doi: 10.1093/ijnp/
pyu026
Gomes, F. V., Reis, D. G., Alves, F. H., Corrêa, F. M., Guimarães, F. S., and
Resstel, L. B. (2012). Cannabidiol injected into the bed nucleus of the stria
terminalis reduces the expression of contextual fear conditioning via 5-
HT1A receptors. J. Psychopharmacol. 26, 104–113. doi: 10.1177/02698811103
89095
Frontiers in Pharmacology | www.frontiersin.org 7 November 2016 | Volume 7 | Article 454
Jurkus et al. Cannabidiol Regulation of Fear Memory Processing
Guimarães, F. S., Chiaretti, T. M., Graeff, F. G., and Zuardi, A. W.
(1990). Antianxiety effect of cannabidiol in the elevated plus-maze.
Psychopharmacology (Berl). 100, 558–559. doi: 10.1007/BF02244012
Hurley, K. M., Herbert, H., Moga, M. M., and Saper, C. B. (1991). Efferent
projections of the infralimbic cortex of the rat. J. Comp. Neurol. 308, 249–276.
doi: 10.1002/cne.903080210
Izzo, A. A., Borrelli, F., Capasso, R., Di Marzo, V., and Mechoulam,
R. (2009). Non-psychotropic plant cannabinoids: new therapeutic
opportunities from an ancient herb. Trends Pharmacol. Sci. 30, 515–527.
doi: 10.1016/j.tips.2009.07.006
Lebow, M. A., and Chen, A. (2016). Overshadowed by the amygdala: the bed
nucleus of the stria terminalis emerges as key to psychiatric disorders. Mol.
Psychiatry 21, 450–463. doi: 10.1038/mp.2016.1
Lee, J. L. (2009). Reconsolidation: maintaining memory relevance. Trends
Neurosci. 32, 413–420. doi: 10.1016/j.tins.2009.05.002
Lemos, J. I., Resstel, L. B., and Guimarães, F. S. (2010). Involvement of the
prelimbic prefrontal cortex on cannabidiol-induced attenuation of contextual
conditioned fear in rats. Behav. Brain Res. 207, 105–111. doi: 10.1016/j.bbr.
2009.09.045
Levin, R., Almeida, V., Peres, F. F., Calzavara, M. B., da Silva, N. D., Suiama, M. A.,
et al. (2012). Antipsychotic profile of cannabidiol and rimonabant in an animal
model of emotional context processing in schizophrenia. Curr. Pharm. Des. 18,
4960–4965. doi: 10.2174/138161212802884735
Lopez, J., Gamache, K., Schneider, R., and Nader, K. (2015). Memory retrieval
requires ongoing protein synthesis and NMDA receptor activity-mediated
AMPA receptor trafficking. J. Neurosci. 35, 2465–2475. doi: 10.1523/
JNEUROSCI.0735-14.2015
Maren, S., Phan, K. L., and Liberzon, I. (2013). The contextual brain: implications
for fear conditioning, extinction and psychopathology. Nat. Rev. Neurosci. 14,
417–428. doi: 10.1038/nrn3492
Marinho, A. L., Vila-Verde, C., Fogaça, M. V., and Guimarães, F. S. (2015).
Effects of intra-infralimbic prefrontal cortex injections of cannabidiol in the
modulation of emotional behaviors in rats: contribution of 5HTâC´A˛A receptors
and stressful experiences. Behav. Brain Res. 286, 49–56. doi: 10.1016/j.bbr.2015.
02.023
Merlo, E., Milton, A. L., Goozee, Z. Y., Theobald, D. E., and Everitt, B. J.
(2014). Reconsolidation and extinction are dissociable and mutually exclusive
processes: behavioral and molecular evidence. J. Neurosci. 34, 2422–2431.
doi: 10.1523/JNEUROSCI.4001-13.2014
Myers, K. M., and Davis, M. (2007). Mechanisms of fear extinction.Mol. Psychiatry
12, 120–150. doi: 10.1038/sj.mp.4001939
National Center for Biotechnology Information (2016). National Center for
Biotechnology Information. PubChem Compound Database CID=644019.
Available online at: https://pubchem.ncbi.nlm.nih.gov/compound/644019
(Accessed November 6, 2016).
Norris, C., Loureiro, M., Kramar, C., Zunder, J., Renard, J., Rushlow, W.,
et al. (2016). Cannabidiol modulates fear memory formation through
interactions with serotonergic transmission in the mesolimbic system.
Neuropsychopharmacology 41, 2839–2850. doi: 10.1038/npp.2016.93
Pan, Y. W., Storm, D. R., and Xia, Z. (2012). The maintenance of established
remote contextual fear memory requires ERK5 MAP kinase and ongoing adult
neurogenesis in the hippocampus. PLoS ONE 7:e50455. doi: 10.1371/journal.
pone.0050455
Raymond, J. R., Mukhin, Y. V., Gelasco, A., Turner, J., Collinsworth, G.,
Gettys, T. W., et al. (2001). Multiplicity of mechanisms of serotonin receptor
signal transduction. Pharmacol. Ther. 92, 179–212. doi: 10.1016/S0163-
7258(01)00169-3
Resstel, L. B., Joca, S. R., Moreira, F. A., Corrêa, F. M., and Guimarães, F. S.
(2006). Effects of cannabidiol and diazepam on behavioral and cardiovascular
responses induced by contextual conditioned fear in rats. Behav. Brain Res. 172,
294–298. doi: 10.1016/j.bbr.2006.05.016
Resstel, L. B., Moreira, F. A., and Guimarães, F. S. (2009). Endocannabinoid
system and fear conditioning. Vitam. Horm. 81, 421–440. doi: 10.1016/S0083-
6729(09)81016-9
Scholz, B., Doidge, A. N., Barnes, P., Hall, J., Wilkinson, L. S., and Thomas, K. L.
(2016). The regulation of cytokine networks in hippocampal CA1 differentiates
extinction from those required for the maintenance of contextual fear memory
after recall. PLoS ONE 11:e0153102. doi: 10.1371/journal.pone.0153102
Seo, D. O., Carillo, M. A., Chih-Hsiung Lim, S., Tanaka, K. F., and Drew, M.
R. (2015). Adult hippocampal neurogenesis modulates fear learning through
associative and nonassociative mechanisms. J. Neurosci. 35, 11330–11345.
doi: 10.1523/JNEUROSCI.0483-15.2015
Steckler, T., and Risbrough, V. (2012). Pharmacological treatment of PTSD -
established and new approaches. Neuropharmacology 62, 617–627.
doi: 10.1016/j.neuropharm.2011.06.012
Stern, C. A., Gazarini, L., Takahashi, R. N., Guimarães, F. S., and Bertoglio, L. J.
(2012). On disruption of fear memory by reconsolidation blockade: evidence
from cannabidiol treatment.Neuropsychopharmacology 37, 2132–2142. doi: 10.
1038/npp.2012.63
Stern, C. A., Gazarini, L., Vanvossen, A. C., Zuardi, A. W., Galve-
Roperh, I., Guimarães, F. S., et al. (2015). 19-Tetrahydrocannabinol
alone and combined with cannabidiol mitigate fear memory through
reconsolidation disruption. Eur. Neuropsychopharmacol. 25, 958–965.
doi: 10.1016/j.euroneuro.2015.02.001
Stern, C. A., Gazarini, L., Vanvossen, A. C., Zuardi, A. W., Guimarães, F.
S., Takahashi, R. N., et al. (2014). Involvement of the prelimbic cortex
in the disruptive effect of cannabidiol on fear memory reconsolidation.
Eur. Neuropsychopharmacol. 24(Suppl. 2), S322. doi: 10.1016/S0924-
977X(14)70511-5
Szapiro, G., Izquierdo, L. A., Alonso, M., Barros, D., Paratcha, G., Ardenghi, P.,
et al. (2000). Participation of hippocampal metabotropic glutamate receptors,
protein kinase A and mitogen-activated protein kinases in memory retrieval.
Neuroscience 99, 1–5. doi: 10.1016/S0306-4522(00)00236-0
Todd, S. M., and Arnold, J. C. (2016). Neural correlates of interactions between
cannabidiol and1(9) -tetrahydrocannabinol in mice: implications for medical
cannabis. Br. J. Pharmacol. 173, 53–65. doi: 10.1111/bph.13333
Vertes, R. P. (2004). Differential projections of the infralimbic and prelimbic cortex
in the rat. Synapse 51, 32–58. doi: 10.1002/syn.10279
Vianna, M. R., Barros, D. M., Silva, T., Choi, H., Madche, C., Rodrigues, C.,
et al. (2000). Pharmacological demonstration of the differential involvement
of protein kinase C isoforms in short- and long-term memory formation and
retrieval of one-trial avoidance in rats. Psychopharmacology (Berl). 150, 77–84.
doi: 10.1007/s002130000396
Vidal-Gonzalez, I., Vidal-Gonzalez, B., Rauch, S. L., and Quirk, G. J. (2006).
Microstimulation reveals opposing influences of prelimbic and infralimbic
cortex on the expression of conditioned fear. Learn. Mem. 13, 728–733.
doi: 10.1101/lm.306106
Wolf, S. A., Bick-Sander, A., Fabel, K., Leal-Galicia, P., Tauber, S., Ramirez-
Rodriguez, G., et al. (2010). Cannabinoid receptor CB1 mediates baseline and
activity-induced survival of new neurons in adult hippocampal neurogenesis.
Cell Commun. Signal. 8:12. doi: 10.1186/1478-811X-8-12
Conflict of Interest Statement: FG is co-inventor of the patent “Fluorinated
CBD compounds, compositions and uses thereof. Pub. No.: WO/2014/108899.
International Application No: PCT/IL2014/050023”; Def. US no. Reg. 62193296;
29/07/2015; INPI in 19/08/2015 (BR1120150164927).
The other authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2016 Jurkus, Day, Guimarães, Lee, Bertoglio and Stevenson. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Pharmacology | www.frontiersin.org 8 November 2016 | Volume 7 | Article 454
